Abstract: Arundo donax (hereafter referred to as Arundo), a robust herbaceous plant, has invaded the riparian zones of the Rio Grande River and the rivers of the Texas Hill Country over the last two decades. Arundo was first observed along the Nueces River in central Texas in 1995 by the Nueces River Authority (NRA). It then spread rapidly downstream due to its fast growth rate and availability of streamflow for its consumptive use, and it completely displaced the native vegetation, primarily Panicum virgatum (hereafter referred to as switchgrass) in the riparian zone. It was hypothesized that Arundo reduced streamflows due to higher water use by Arundo when compared to switchgrass. The overall goal of this study was to assess the impacts of Arundo invasion on hydrology of the headwaters of the Nueces River through observed long-term streamflow and precipitation data analysis and simulation modeling with the Soil and Water Assessment Tool (SWAT). The observed data analysis indicated that while there was no significant change in monthly precipitation between the pre-Arundo invasion (1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994) and post-Arundo invasion (1995-2010) periods, streamflows changed significantly showing a positive (slightly increasing) trend during the pre-invasion period and a negative (slightly decreasing) trend during the post-invasion periods. The simulated average (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) annual evapotranspiration of Arundo in the seven Hydrologic Response Units (HRUs) in
Introduction
Arundo donax (hereafter referred to as Arundo), also known as giant cane, was originally brought into California from the Mediterranean in the 1820s to make thatched roofs, musical instruments and prevent soil erosion [1] . It later spread into different parts of the United States and invaded the riparian areas of the Rio Grande River and, since 1994, has invaded the rivers of the Texas Hill Country. Arundo is a hydrophyte [2] that transpires up to 1100 mm of water annually [3] . Water uptake parameters of Arundo varied highly in the literature. In the Rio Grande Basin in Texas, Gowda et al. [4] have found the water demand of the Arundo species to be 5.2 mm/day while Watt and Moore [5] found the demand to be as high as 9.1 mm/day. In southern California, Giessow et al. [6] reported even higher water demand of 41.1 mm/day. The Leaf Area Index (LAI) of the Arundo species has been reported to range from 4.5 on the lower Rio Grande River in Texas [5] to 15.6 in California [6] . Arundo has a growth rate of up to 50 mm of height per day under optimum conditions [1] .
Because of its high growth rate, LAI and vegetative reproduction, Arundo can dominate native species after invasion [7] . During the invasion process, Arundo forms colonies that can be of several acres in size and its rhizomatous root masses stabilize stream banks and alter flow regimes [8] . Arundo colonies are often dense and difficult to penetrate. Due to high water uptake and associated concerns of reducing streamflow, Arundo has been eradicated at many places in the world. Dudley [9] documented millions of dollars spent on Arundo management and eradication, which was done using chemicals [3] and biological controls [10] .
Arundo was first observed along the headwaters of the Nueces River in 1995 by the Nueces River Authority (NRA). It then spread rapidly downstream and completely displaced the native vegetation, primarily Panicum virgatum (hereafter referred to as switchgrass), in the riparian areas. The NRA felt that Arundo reduced streamflows in the Nueces River due to higher water use and longer growth period of Arundo when compared to switchgrass, and hence started an eradication program in 2010 using targeted application of herbicides.
The effects of invasive plant species on hydrology have been studied at both field and watershed scales. At the field level, techniques such as the eddy-covariance flux towers for assessing evapotranspiration [11] [12] [13] , rainfall simulators for assessing water budget at a plot scale [14] , and bulk density measurements fitted to models such as Van Dechten or Durner to assess root water uptake capability [15] were used. While several studies were conducted at the field scale, Wilcox et al. [16] emphasized the importance of understanding the effects of changes in vegetation on water cycle at the watershed scale.
Process-based models used for watershed scale studies include the Soil and Water Assessment Tool (SWAT) [17, 18] , Hydrological Simulation Program-FORTRAN (HSPF) [19] , Soil and Water Integrated Model (SWIM) [20] and Dynamic Watershed Simulation Model (DWSM) [21] . In a review of applications of three models including the SWAT, HSPF and DWSM, Borah and Bera [22] reported that the HSPF model is useful for mixed agricultural and urban watersheds and SWAT is a more appropriate model for continuous simulations in agricultural watersheds. DWSM is a storm event (rainfall) model and hence would not be appropriate for this study. SWIM, which is based on the SWAT model, is developed mainly for temperate zones. The SWAT model is a hydro-dynamic and physically-based semi-distributed model [23] , which has been widely used in the field of ecohydrology. For example, the SWAT model was used to study the hydrological impacts of invasive species such as Juniperus ashei J. Buchholz (ashe's juniper), Tamarix chinensis Luor (salt cedar) and Prosopis glandulosa (mesquite) in the works of Afinowicz et al. [24] and Bednarz et al. [25] . Recently, Qiao et al. [26] also used the SWAT model to simulate the impacts of a prolifically encroaching juniper species, Juniperus virgininiana (eastern red cedar) on the water budget in three pairs of grassland and eastern red cedar watersheds in the south-central Great Plains. Hence, we found it to be the most appropriate model for this study.
The overarching goal of this study was to assess the impacts of Arundo invasion on hydrology of the headwaters of the Nueces River through observed long-term streamflow and precipitation data analysis, and hydrologic modeling to provide a scientific basis to the management projects being undertaken for its control and for ecological risk management. The specific objectives were to: (i) assess if Arundo invasion caused any changes to streamflow patterns by comparing observed streamflow trends before and after the Arundo invasion, (ii) calibrate and validate the Soil and Water Assessment Tool (SWAT) for the Nueces River Headwaters watershed in central Texas, and (iii) assess the effects of Arundo invasion on watershed hydrology by comparing water balances under Arundo and switchgrass scenarios.
Methodology

Description of Study Area
The Nueces River Headwaters (HUC 12110101) watershed is located in the "Hill Country" in Texas (Figure 1) , and it lies just north of the Edwards aquifer recharge zone, which is a karst region. It covers an area of about 2126 km (Figure 1 ). Although the Edwards aquifer recharge zone is to the south of the study area, this watershed area is still karst and water disappears into the ground and comes out of the stream through springs in various stretches of the river [27] . The Nueces River is also geomorphologically complex in that it changes its course rapidly and underlying processes are not well understood. An area of 3.52 km 2 in the riparian areas of an 8 km stretch of the Nueces River north of the Laguna gage at the watershed outlet has been densely populated by Arundo. 
Streamflow Analysis
Daily, monthly and yearly streamflow data recorded at the Laguna gage (USGS 08190000) over the period from 1979 to 2010 was analyzed to compare streamflow trends before and after the Arundo invasion and thereby assess if Arundo invasion caused any changes to streamflow patterns. A Web GIS Based Hydrography Analysis Tool (WHAT) developed by Lim et al. [28] was used to separate measured streamflow into baseflow and stormflow components. This program, which uses recursive filtering techniques, was chosen over other methods because of the karst nature of this region. The recession curve falls very sharply for the karst areas because of sinkholes. Hence, signal separation on the basis of frequency was a better option than recession-based separation. Two 15-year time periods, 1979-1994 and 1995-2010, were considered for the analysis to represent the pre-and post-Arundo invasion conditions, respectively. The daily baseflow, streamflow and precipitation were converted to incremental percentiles for further analysis [29] . The data were initially tested for normality. The null hypothesis that the data were normal, was rejected for both baseflow and streamflow with p values of <0.0001. Since data were found to be non-normal, we tested for serial correlation using the Durbin Watson test [30] . No significant serial correlation was found for either streamflow or baseflow data. Finally, the non-parametric Kendall's tau statistic was used to analyze both baseflow and streamflow data. The null hypothesis used for the Mann-Kendall test [31] [32] [33] was that there was no change in baseflow, streamflow and precipitation trends over time. This hypothesis was tested based on a significance value of 0.1.
Arundo Parametrization
Arundo does not exist as a crop option in the SWAT model database. Many of the crop growth parameters required by the SWAT model have not been studied for Arundo and the existing parameter values found in the literature vary widely. The ALMANAC (Agricultural Land Management Alternatives with Numerical Assessment Criteria) [34] model was therefore used to establish crop growth parameters for Arundo. This model simulates the water balance using various methods of calculating potential ET and determines plant water use while considering such variables as soils, weather, and plant species cover. Simulated plant growth is reduced when simulated soil water is depleted. The plant growth model simulates changes in leaf area as well as changes in plant biomass. Sugarcane (Saccharum spp.), which is physiologically the closest crop to Arundo available in the ALMANAC model, was used as the base crop for this simulation. Parameter values for sugarcane were modified to derive realistic values for Arundo based on unpublished observations of leaf area development and dry matter production of Arundo [35] (Table 1) . Especially important for plant transpiration is the maximum potential leaf area index (BLAI), whereas for biomass production, radiation-use efficiency (BIO_E) is the main controlling parameter. These parameter adjustments were designed to accurately simulate the LAI curve for Arundo in this region. This is especially important for the SWAT simulations of water uptake by Arundo, where LAI plays such an important role. While BLAI for sugarcane in the SWAT crop database is six, that for Arundo was found to be 12 through ALMANAC simulations. The BIO_E was increased from 25 to 45 (kg/ha) (MJ/m 2 ). These changes were based on the fact that Arundo biomass was twice that of sugarcane under the climatic conditions in the region. Other major changes made were increasing the harvest index (HVSTI) from 0.5 to 0.9 since Arundo is not harvested while sugarcane is harvested as an agricultural crop. Later, Arundo was added as a new crop into the SWAT crop database and Arundo parameters were populated.
Setting up the SWAT Model
The geospatial and temporal datasets for the SWAT modeling were obtained from various sources. [38] .
The DEM was used to delineate the study watershed using the ArcSWAT (Version 2012.10_1.9 released on 7/8/13) for ArcGIS 10.1 platform. The watershed boundary was delineated based on the points of highest elevation in the topography of the region after selecting the Laguna gage (USGS 08190000) as the watershed outlet. Twenty nine subbasins were created within this watershed. Based on the recommendations made in a gain-loss study [27] , the subbasins with springs and those with no observed flows were isolated. Because of the karst nature of the study watershed, the coordinates of the sinkholes and springs were marked on the delineated watershed, and finally six subbasins that contained the areas of no flow and two subbasins with springs, were identified. The Hydrologic Response Units (HRUs) were defined based on a unique combination of soils, slopes and land use based on thresholds of 10%, 10% and 0% respectively. The 0% threshold was used for land use so that Arundo, which was occupying a small fraction of the area of the watershed, could be mapped and simulated. A total of 1224 HRUs were created, of which seven HRUs contained Arundo. Auto irrigation was simulated in the Arundo HRUs in order to simulate non-water limiting conditions for the plant water uptake that existed in the riparian areas of the Nueces Headwaters. This was done assuming that the soil in the Arundo HRUs was always saturated.
Model Calibration and Validation
The SWAT model simulations were run for the period from 1950 to 1994 on a daily time step, and the first 10 years were considered as warm up period. The 1960 The -1977 The and 1978 The -1994 periods were chosen as the model calibration and validation periods, respectively, to correctly simulate the hydrology of the watershed before the Arundo invasion.
The most sensitive parameters during model calibration were found to be curve number (CN2), soil available water capacity (SOL_AWC), baseflow recession constant (ALPHA_BF), groundwater delay (GW_DELAY), soil evaporation compensation factor (ESCO), transmission losses (CH_K2), threshold water level in shallow aquifers for baseflow (GWQMN), saturated hydraulic conductivity of the first layer of the soil (SOL_K) and aquifer percolation constant (RCHRG_DP) ( Table 2 ). In this karst watershed, there are regions with rapid groundwater recharge. These regions have a GW_DELAY of as low as one day while in other regions the GW_DELAY is as slow as 218 days. The baseflow filter in the SWAT model [39] was used to partition the streamflow hydrograph into baseflow and stormflow components. From this analysis, an ALPHA_BF value of 0.015 and GW_DELAY value of 218 days were obtained. For the subbasins with no streamflow, the fraction of recharge to a deep aquifer, transmission losses, SOL_K, and ALPHA_BF were increased and GW_DELAY was decreased based on studies by Baffaut and Benson [40] and Echegaray [41] . The default values and the finally adjusted values of these parameters are shown in Table 2 . For the subbasins where springs were found, they could not be treated as point sources due to lack of information on flow from these springs. However, the GW_DELAY in these subbasins was increased and transmission losses were decreased.
The model performance during the calibration and validation periods was assessed using three statistical measures including the Nash-Sutcliffe Efficiency (NSE) [42] , percent bias (PBIAS) [43] , and coefficient of determination (R-square) [44] . The NSE ranges from −∞ to one, and the NSE values closer to one indicate the better model performance. The P-Bias varies between −100 and ∞, with smaller absolute values closer to zero indicating better agreement. R-square ranges between zero and one, with higher values closer to one implying better performance of the model.
Scenario Analysis
Once the SWAT model was calibrated and validated, two scenarios were run for the period of 1992-2010. The first three years were considered as a warm up period and the results for the 1995-2010 period were analyzed. Under the first scenario, Arundo was simulated in the seven identified Arundo HRUs in the riparian areas (baseline scenario). Under the hypothetical second scenario, Arundo was assumed to have not invaded the riparian areas and the native switchgrass continued to grow in those seven HRUs. The simulated water balance components in the seven Arundo HRUs under both scenarios were finally examined to assess the impacts of Arundo invasion on hydrology of the invaded region of the watershed.
Results and Discussion
Streamflow Trend Analysis
The results from the Mann-Kendall test indicated that the annual values of baseflow, streamflow and precipitation during the pre-Arundo invasion (1979-1994) and post-Arundo invasion (1995-2010) periods showed no significant trends (i.e., neither increased nor decreased over the period of time). However, monthly values of these variables showed mixed trends. No significant trend was found in monthly precipitation during both pre-and post-invasion periods. In case of monthly streamflow and baseflow, positive (slightly increasing) and negative (slightly decreasing) trends were found for the pre-invasion and period post-invasion periods, respectively. The null hypothesis of no trend in flow was therefore rejected at a significance value of 0.1. This analysis emphasized the need for further assessment of the hypothesis that the Arundo invasion was responsible for the changes in streamflow trends.
Model Calibration and Validation Results
An NSE of 0.79, a P-Bias of 15.5% and an R-square value of 0.76 were achieved for the model calibration period. According to Moriasi et al. [45] criteria, the NSE obtained for the calibration period was very good, the PBIAS was satisfactory and the R-square was very good. For the validation period, a NSE of 0.74, a P-Bias of 4.3% and an R-square value of 0.64 were achieved. The NSE achieved for the model validation period was good, PBIAS was very good and R-square was good [45] . The model performance statistics achieved in this study are superior or comparable to those achieved in other published SWAT modeling studies in karst watersheds [24, 46] . For example, Afinowicz et al. [24] used the SWAT model to simulate a karst watershed in the Edwards aquifer region in Texas and obtained a NSE value of 0.29 and 0.5 for monthly calibration and validation periods, respectively.
Spruill et al. [46] modeled a karst region in central Kentucky using the SWAT model and obtained a monthly NSE of 0.89 and 0.58 for calibration and validation periods, respectively. Considering the karst nature of the watershed modeled in this study, the achieved NSE of 0.79 and 0.74 for calibration and validation periods, respectively, were considered as acceptable for conducting scenario analysis.
Water Balances-Arundo vs. Switchgrass Scenarios
The simulated average (1995-2010) annual evapotranspiration (ET) in the seven Arundo HRUs under the baseline Arundo scenario was higher by 137 mm when compared to a native switchgrass scenario (Figure 2 ). The simulated average (1995-2010) annual ET of Arundo was 2034 mm as compared to 1897 mm for switchgrass. The ET for Arundo was consistently higher than that of switchgrass in all 16 years of evaluation (Figure 3) . The simulated average annual water uptake by Arundo was determined to be 7.2% higher than that of switchgrass. Higher water uptake by Arundo resulted in a 93 mm higher irrigation (water use from the reach/stream) annually when compared to switchgrass. In addition, the simulated average annual water yield (net amount of water that was generated from the seven Arundo HRUs and contributed to streamflow) under the Arundo scenario was lower than that under the switchgrass scenario by 17 mm. The simulated annual percolation was also lower under Arundo scenario by an average of 47 mm as compared to switchgrass. This was due to the fact that switchgrass has a different root structure and deeper rooting depth than Arundo. The increased water uptake and irrigation, and decreased water yield and percolation under the baseline Arundo scenario when compared to the hypothetical switchgrass scenario indicated that Arundo has caused reductions in streamflow when compared to the native switchgrass scenario. The results obtained for the study watershed from this SWAT modeling are therefore consistent with the observed trends in streamflow. These results are also in agreement with Zou et al. [47] who reported a reduction in magnitude and frequency of streamflow in Oklahoma due to the encroachment of juniper. (Figure 4 ). As can be seen, the difference in monthly ET (Arundo -switchgrass) was positive during the months of April to October as the LAI of Arundo was higher than that of switchgrass during these months. Switchgrass leaves start senescing earlier than those of Arundo towards the end of September and that is why Arundo, which has a higher LAI during September-October, continued to transpire, and, hence, the difference in ET during that period was the highest. As soon as both plants became dormant in the winter, the difference in ET between Arundo and switchgrass became negative. This can be attributed to the fact that the transpiration component of the ET was inactive and the evaporation was higher for the switchgrass scenario because of lower canopy cover than Arundo. Overall, Arundo used more water than switchgrass over the entire year. 
Conclusions
Arundo, which was originally brought from the Mediterranean region to California, has invaded riparian areas of the karst Nueces Headwaters watershed and replaced native switchgrass since 1995. Hypothesizing that the Arundo invasion reduced streamflow due to its high water uptake, the Nueces River Authority implemented an eradication program in 2010, but this decision needed to be justified by actual and model-based simulation data. We determined the impact of Arundo invasion on water balances in the riparian areas and streamflow patterns by analyzing observed long-term streamflow data and using the SWAT model. The analysis revealed that under no significant differences in precipitation patterns, streamflow had a slightly positive (increasing) trend in the 15 years before Arundo invasion (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) ) and a slightly negative (decreasing) trend in the 15 years after invasion (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) ). The SWAT model was calibrated and validated using observed streamflow data. The calibrated SWAT model was used to assess water balances in the invaded areas (seven HRUs) under the baseline Arundo scenario and a hypothetical native switchgrass scenario. The simulated average (1995-2010) annual ET of Arundo was 2034 mm as compared to 1897 mm for switchgrass. Hence, there was a 7.2% increase in simulated water uptake due to the invasion of Arundo. On average, annual ET in the case of Arundo was higher by 137 mm, and, accordingly, annual irrigation (water use from reach/stream) was also higher by 93 mm. This was in agreement with our hypothesis that Arundo used more water from the system when compared to native switchgrass. Arundo also reduced water yield (net amount of water that was generated from the seven Arundo HRUs and contributed to streamflow) by 17 mm and percolation by 47 mm, when compared to switchgrass. Arundo has therefore used more water from the Nueces River Headwaters when compared to native switchgrass and hence has slightly decreased streamflow.
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